Numerical experiments with two-dimensional nonhydrostatic model have been performed to investigate tidally generated internal waves at the Dewakang sill at the southern Makassar Strait where two large-amplitude "bumps" of relatively shallow water exist. We investigate the effect of these features on vertical mixing, with emphasis on the transformation of the Indonesian throughflow (ITF) water properties. The result shows that large-amplitude internal waves are generated at both bumps by the predominant M 2 tidal flow, even though the condition of the critical Froude number and the critical slope are not satisfied. The internal waves induce such vigorous vertical mixing in the sill region that the vertical diffusivity attains a maximum value of 6 × × × × × 10 -3 m 2 s -1 and the salinity maximum and minimum core layers characterizing the ITF thermocline water are considerably weakened. Close examination reveals that bottom-intensified currents produced mainly by the joint effect of barotropic M 2 flow and internal tides generated in the concave region surrounding both bumps can excite unsteady lee waves (Nakamura et al., 2000) on the inside slopes of the bumps, which tend to be trapped at the generation region and grow into largeamplitude waves. Such generation of unsteady lee waves does not occur in case of one bump alone. Trapping and amplification of the waves in the sill region induce large vertical displacements (~60 m) of water parcels during one tidal period, leading to strong vertical mixing there. Since the K 1 tidal currents are relatively weak, largeamplitude internal waves causing intense vertical mixing are not generated.
are gradually attenuated along the western route ( Fig. 1) , which is the major pathway of the ITF. Finally, the thermocline water was found to have an almost uniform salinity profile around 34.60 psu in the Banda Sea, except for the near-surface region.
Many previous studies have suggested that the most likely factor causing such conspicuous transformation of the ITF water properties is strong vertical mixing in the Indonesian Seas. Ffield and Gordon (1992) estimated the vertical diffusivity along the western route in the Makassar Strait, using a simple advection-diffusion model, and found that the vertical diffusivity is at least 1 × 10 -4 m 2 s -1 , while Van Aken et al. (1988) obtained one-order larger values of magnitude around the Lifamatola Strait on the eastern route (Fig. 1) .
These studies suggested the presence of vigorous vertical mixing capable of enhancing the entrainment of thermocline waters into surface layers in the Indonesian Seas. And they also suggested that such intense vertical
Introduction
Recent observational studies have indicated that major transformations occur in the properties of water in the Indonesian Seas (Gordon, 1986; Van Aken et al., 1988; Ffield and Gordon, 1992; Gordon et al., 1994; Hautala et al., 1996) . For example, Murray and Arief (1988) and Murray et al. (1990) reported that properties typical of western tropical Pacific water can be identified in the water advected from the Sulawesi Sea by the Indonesian throughflow (ITF), but that this signature is largely lost around the Lombok Strait. From an analysis of the CTD database of the National Oceanographic Data Center (NODC), Ffield and Gordon (1992) showed that welldefined salinity maximum and minimum layers are present in the thermocline at the entrance of the ITF, but that these mixing arises primarily from tidal activities because tidal currents in the Indonesian Seas are so swift that the speed of the predominant M 2 tide is over 0.5 m s -1 (Wyrtki, 1961; Hatayama et al., 1996, etc.) . For example, Murray et al. (1990) reported that daily maximum tidal currents reached nearly 3 m s -1 at a mooring at the sill of the Lombok Strait. Current meter moorings deployed in the central Makassar Strait by Arlindo Program revealed the dominant semidiurnal and diurnal signals (Susanto et al., 2000) . Thus it is suggested that intense vertical mixing takes place by interactions with large-amplitude sills. Ffield and Gordon (1996) found the fortnightly and monthly oscillations in sea surface temperature from satellites around the Banda Sea and they suggested these oscillations may be signatures of tidal mixing. However, only one direct measurement of turbulent mixing that has done so far in the Indonesian Seas did not find the evidence of vigorous vertical mixing in the Banda Sea (Alford et al., 1999) . Since all other estimates of mixing discussed above are indirect and subject to some assumptions, the precise physical mechanism involved in this process is still unknown.
The transformation of water properties taking place in the Indonesian Seas is important not only to local phenomena but to inter-ocean heat and mass exchanges since the ITF connects the main thermocline waters between the Pacific and the Indian Ocean (e.g., Gordon, 1986; Hirst and Godfrey, 1993; Miyama et al., 1995; Schiller et al., 1998) . For example, Nicholls (1989) found that Australian winter rainfall is correlated with SST in the Indonesian Seas and the Indian Ocean and suggested a major influence of SST variation in the Indonesian Seas on the surrounding climate. Therefore, identification of the mechanism causing the vertical mixing induced by tides in the Indonesian Seas is required for a better understanding of transformation of the ITF and for improving estimates of the inter-basin mass and heat transports.
Because tides are short variability phenomena, current ocean general circulation models (OGCMs) have difficulty in successfully reproducing both tides and tidal currents and also wind-driven and thermohaline circulations, particularly in coastal regions with complicated geometry. Some parameterizations to represent tidal effects are therefore used in OGCMs. Schiller et al. (1998) performed a numerical experiment using OGCMs in which the artificially large vertical diffusivities estimated by Ffield and Gordon (1996) for tidal mixing are imposed around Indonesian waters, and showed that water mass transformation and sea-surface heat flux values in the modeled Indonesian Seas are thereby improved. This leads to a correction of subsurface temperature and salinity profiles in the Indian Ocean on the downstream side of the ITF. The necessity of introducing vigorous tidally-induced vertical mixing in the Indonesian Sea regions of OGCMs is also underlined if a successful representation of interbasin circulation is accomplished. On this point, Schiller et al. (1998) argued that such a parameterization for tidal mixing is empirical and very crude and hence further investigation of the mechanism of tidal mixing in the Indonesian Seas is necessary for a better parameterization.
In this study, as a first step towards clarifying the mechanism by which tidally-induced vertical mixing transforms the ITF water properties in the Indonesian Seas, numerical simulations of tidally generated internal Gordon and Fine, 1996) . Depth contours with tone are 100, 500, 700, and 1000 m. Location of the vertical section in Fig. 2 is denoted by small squares connected by a thin line.
waves and their nonlinear evolution in the Indonesian Seas are performed, focusing on the interaction of barotropic tidal flows with topography in the presence of stratification. The results of these simulations are used to estimate internal wave-induced vertical diffusivities. Along the ITF pathways shown in Fig. 1 , there are several sills which might cause significant tidally-induced mixing (e.g., Hautala et al., 1996) . Among these, attention is directed to the Dewakang sill region (Fig. 1) located at the southern end of the Makassar Strait (around 118.5°E, 5.5°S), separating it from the Flores Sea. Past studies have shown that the majority of the ITF water is transported through this strait (e.g., Gordon and Fine, 1996) . Moreover, observations made within the Arlindo project (Gordon et al., 1994; Ilahude and Gordon, 1996) revealed that water properties on both sides of the sill differ considerably (Fig. 2) . In particular, large attenuation of the S max and S min core layers in the ITF thermocline water is marked on the downstream side of the sill.
Previous studies of the growth of tidally generated internal waves can basically be classified into two theoretical models. One is Hibiya's (1986) model, which analytically discusses the growth mechanism of internal tides generated at sill-shaped topography, focusing on the role of tidal advection. According to this model, when the barotropic flow is critical (i.e., when the internal Froude number F n is unity, where F n is the ratio of the barotropic tidal flow speed to the phase speed of the n-th mode), sill-scale internal tides, which are generated at each instant of an accelerating stage of tidal flow and propagate upstream, are trapped at the generation region and amplified. A second growth model may be called the "(critical) slope" theory (e.g., Wunsch, 1969; Baines, 1982) . When the inclinations of the ray paths of internal waves are almost the same as that of the slope of the bottom topography, the generated internal waves are effectively superimposed and amplified. Lamb (1994) investigated the internal waves generated by strong tidal flow across a shelf slope using a numerical model and confirmed that critical slope theory is important for the generation of large-amplitude internal waves at Georges Bank in the United States.
Assessment using the basic model parameters given in numerical simulations of internal waves at the Dewakang sill shows that none of the criteria required for the growth of internal waves in the above models are satisfied. However, the numerical experiments shown below predict large-amplitude internal waves whose horizontal wavelength is shorter than a sill scale, indicating a different type of internal tides. Thus, previous theoretical models cannot explain the generation of such intense short internal waves. Recently, Nakamura et al. (2000) and Nakamura and Awaji (2001) investigated the generation mechanism of large-amplitude internal waves in the Kuril Straits located between the Okhotsk Sea and the Pacific Ocean, and presented a new class of topographically generated internal waves, in which spatial changes in forcing are thought to be more important than the temporal changes for the generation and amplification of short internal waves. Using the nondimensional parameter kU/σ t where k is the horizontal wavenumber, and U and σ t are the speed and frequency of tidal flow, respectively, their result revealed that tide-induced internal waves are classified into "unsteady lee waves" (when kU/σ t >> 1), "mixed tidal lee waves" (when kU/σ t ~ 1), and "internal tides" (when kU/σ t << 1).
Although the growth of short internal waves obtained in this study is similar to that of unsteady lee waves (as shown later), simple estimation of their nondimensional parameter value nevertheless implies that the situation at the Dewakang Sill lies out of the range of unsteady lee waves, even though the effect of the ITF is taken into account. Earlier studies of the vertical mixing in the Indonesian Seas (e.g., Hautala et al., 1996) , however, have revealed the fact that intense vertical mixing takes place in regions with multiple sills along the ITF route to the Indian Ocean. Interestingly, the Dewakang sill region, where strong vertical mixing is inferred, has two asymmetric large-amplitude "bumps" (of relatively shallower water) connected by a concave region of horizontal scalẽ 100 km and depth ~1000 m (Figs. 1 and 3 ). As shown in Fig. 3 , tidal currents over the sill, and in particular the M 2 constituent, are swift and dominate in the across-sill direction. These facts imply that interactions between Gordon and Fine, 1996). internal waves generated at the two bumps are likely to bring about unsteady lee wave-like growth, eventually leading to intense vertical mixing in the Dewakang sill region. The outline of this paper is as follows. Section 2 describes the numerical model and parameters. Model results are presented for the M 2 and K 1 cases in Section 3. Section 4 presents a series of case studies in which the generation mechanism of large-amplitude internal waves is investigated by focusing on the role of the topography of the Dewakang sill. Vertical mixing induced by tidally generated internal waves is estimated and discussed in Section 5, and conclusions are summarized and discussed in Section 6. Figure 4 shows the vertical cross section of the model bottom topography in the Dewakang sill region as determined according to the DBDB5 (1/12° × 1/12°) data (National Geophysical Data Center, Boulder, Colorado). The deep Makassar Strait and the Flores Sea exceeding 1500 m depth are connected by a sill with two asymmetric largeamplitude bumps. The left-hand (northeastward) bump of 500 m depth is somewhat larger than the right-hand one of ~700 m depth. The bottom topography on both sides of the sill is set to be flat with a maximum depth of 1500 m because our present interest is in vertical mixing processes above the lower thermocline layer depth of ~500 m. The background vertical profiles of potential temperature, salinity, stratification, and horizontal velocity (except for the tidal components) are assumed to be steady and are determined from the robust diagnostic model results of Miyama et al. (1995) which have many similarities to the available observational findings. Here we use the vertical profiles at location (118.5°E, 4°S) in boreal summer (Fig. 5) , which correspond to those upstream of the Dewakang sill if viewed from the ITF. This is because the purpose of this study is to explore the transformation of the ITF water by tidally generated internal waves. Crudely speaking, this stratification in summertime is thought to provide a lower estimate of the effect of tidal mixing on the transformation process. In Fig. 5 a well-defined salinity maximum (~150 m depth) and mini- mum (~400 m depth) can be identified, which correspond to the upper and the lower core layer of the ITF thermocline water (Ffield and Gordon, 1992) . In terms of the background flow given here as the ITF, it has a maximum velocity of 0.43 m s -1 at 75 m, below which it gradually decreases down to zero at 480 m depth.
Numerical Model
In addition to the modeled flow described above, the predominant barotropic M 2 and K 1 currents calculated by Hatayama et al. (1996) are given at both lateral boundaries. These represent another basic forcing term for internal wave generation and have a maximum speed of 0.5 m s -1 (0.15 m s -1 ) for M 2 (K 1 ) over the sill. The model results reproduce them in good agreement with the numerous tide gauge data and several direct measurements of tidal currents. Thus, the present work is primarily a modeling study aimed at identifying one important mechanism for intense tide-induced vertical mixing observed in the Indonesian Seas. For simplicity, we use a two-dimensional nonhydrostatic f-plane model with realistic topography and stratification because the wave generation and its growth are sensitive to these parameters and because nonhydrostatic models can explicitly reproduce vertical mixing due to convective instability and/or shear instability (Scinocca and Peltier, 1994) . This makes the use of a two-dimensional model meaningful, although it cannot fully reproduce a three-dimensional mixing process. We are therefore able to estimate the tidal mixing with reasonable accuracy, considering that this is a subgrid-scale process and is not properly taken into account in OGCMs. In addition, the tidal ellipses of M 2 and K 1 shown in Fig. 3 are almost rectilinear and parallel to the across-sill direction, which supports the use of the two-dimensional model to reproduce the main dynamic forcing term.
Denoting the variables for a background state by overbars ( -) and for the deviation by dash (′) in a conventional manner (i.e., u(x, z, t) = u (z) + u′ (x, z, t), w(x, z, t) = w′(x, z, t) , and so on), the governing equations of our two-dimensional nonhydrostatic model under a Boussinesq fluid and the rigid-lid approximation in a rotating frame are given as follows;
where (x, y, z) are the across-sill, along-sill, and vertical coordinates, respectively; (u, v, w) are the velocity components in the (x, y, z) directions; p is pressure; ρ 0 (=1.0 × 10 3 kg m -3 ) is the reference density; ρ is density variation from ρ 0 ; f (=-7.0 × 10 -6 s -1 at 5.5°S) is the Coriolis parameter; g is the gravity acceleration; and ν H (ν Z ) is the horizontal (vertical) eddy viscosity (10 (1 × 10 -4 ) m 2 s -1 ) and κ H (κ Z ) denotes the horizontal (vertical) eddy diffusivity (10 (0.1 × 10 -4 ) m 2 s -1 ) and p the pressure. The equation of state (Eq. (7)) used is based on Bryan and Cox (1972) . Miyama et al. (1995) .
In performing the model calculation, we solve the vorticity equation derived from Eqs. (1) and (3) as where the relative vorticity ζ and the streamfunction ψ are defined, respectively, as
The background state is assumed to satisfy the steady-state condition as Horizontal and vertical grid sizes are taken to be 1000 m and 5 m, respectively. The eddy viscosity and diffusivity coefficients are assigned to the relatively small values mentioned above, so that their effect on mixing is sufficiently small enough to demonstrate the wave mixing clearly. At the bottom boundary a no-slip condition is imposed in the sill region and a free-slip condition is imposed in the deep, flat-bottomed region. To prevent artificial wave reflection at the two side boundaries, sponge layers where the horizontal eddy viscosity is gradually increased are deployed near the lateral boundaries. Although approximations of the rigid-lid surface and the incompressible fluid are used, our concern is only internal wave generation and subsequent mixing over a sill with horizontal scale of ~100 km so that the phase of the barotropic tidal flow varies slightly over this distance and thus these approximations are still valid. In fact, the phase change of the predominant M 2 and K 1 tidal waves is less than one hour.
After the initial stratification is set to be horizontally uniform, model calculations start from the beginning of rightward flow (i.e., from the Pacific to the Indian Ocean) up to five and four tidal periods for M 2 and K 1 cases, respectively.
Model Results
We first describe the behavior of internal waves, using an internal mode streamfunction defined as the difference between the original solutions and the solutions obtained by setting g = 0. Since the solution for g = 0 gives the barotropic flow, which acts as the forcing (Lamb, 1994; Nakamura et al., 2000) , internal mode processes can be seen in terms of internal mode streamfunctions. Note that in the following the lunar hour is changed so that the M 2 (K 1 ) period correspond to 12 (24) hours. Figure 6 shows a plot of along-sill distance versus time (hereafter referred to as a x-t diagram) of the internal mode vertical velocities at 150 m depth in the vicinity of the sill (-100 km < x < 200 km) for five tidal periods and a snapshot of the velocity field around the sill region after an interval of time corresponding to 2.25 periods. The upper panel of Fig. 6 indicates that the initial spinup processes are almost complete after the second tidal period. In the following analysis, the model results obtained for the third tidal period are mainly used as then significant attenuation of the salinity maximum and minimum core layers in the thermocline can be clearly seen.
The M 2 case
The most remarkable feature in Fig. 6(a) is the generation and their propagation away from the sill of two internal waves in the sill region, whose horizontal wavelengths differ. The pulse-like internal waves of shorter horizontal wavelength (~10 km from Fig. 6(b) ) are accompanied by larger vertical displacement. A close look at Fig. 6 shows that the shorter waves are generated on the inside slope of each bottom topography bump at every period and propagate only to one side. Here, "inside slopes of each bump" means the slopes facing the concave region between the two bumps: i.e., x = 10~30 and 50~70 km in Fig. 6 . In contrast, other internal waves of almost bump-scale wavelength propagate in both directions.
In order to obtain more detailed information about the nature of these two waves, we show the internal mode vertical velocity during the third tidal period in Fig. 7 . As previous studies have shown (Baines, 1982; Craig, 1987; Nakamura et al., 2000) , first-mode internal waves of bump-scale wavelength are generated on the slopes of both bumps with increasing rightward flow ( Fig. 7(a) ). After the maximum rightward flow, the bump-scale waves propagate away from the sill but we can still see the bumpscale waves in the concave region ( Fig. 7(d) ) and the wave generation continues for up to 2.5 periods when the flow stops. In the latter half period of leftward flow (Figs. 7(e)-(h)) almost the same sequence of events can be observed for the bump-scale internal waves.
From Fig. 7 , the horizontal and vertical wavelengths of the first-mode waves and the squared buoyancy frequency N 2 (averaged over the whole depth) are about 90 km, 1.5 km, and 8.8 × 10 -3 s -1 , respectively. Using these values and the linear dispersion relation for frequency σ and horizontal and vertical wavenumbers k and m, Fig. 7 can be identified as typical internal tides at the M 2 frequency.
Next, we direct our attention to the intense smallerscale disturbances seen in Figs. 6 and 7. These short waves may cause considerable mixing because waves of shorter wavelength mix waters effectively. After 2.25 period, the superposition of the short waves makes the bump-scale cells of the internal tides distorted. During the first half period in Fig. 7 , the rightward flow generates a smallscale disturbance A (B) with strong downward (upward) motion at the inside slope of the left-hand (right-hand) bump. These disturbances propagate only in the upstream region at their generation time, a characteristic quite different from that of internal tides. Further, the small-scale disturbances are virtually trapped around the generation region over each bump crest and amplified while the rightward flow gradually weakens, and they form tilting celllike structures over the inside slope (Fig. 7(c) ). This means that waves have not yet formed a modal structure at this stage. Small-scale disturbances continue to grow until the end of the rightward flow to form large amplitude (~100 m) waves.
The features mentioned above imply that the short waves detected in this study can be identified as the unsteady lee waves presented by Nakamura et al. (2000) and Nakamura and Awaji (2001) , although rough estimation using the basic model parameter values shows that their nondimensional number, kU/σ f , is less than unity and hence that strictly speaking the present case is in the regime of internal tides for both M 2 (and K 1 ). Given that the unsteady lee waves are excited essentially by the interaction between near-bottom currents and bottom topographic change, the above nondimensional evaluation is rather too coarse and hence we should evaluate this parameter value more carefully based on the model results. Using the bottom-slope current of 0.8 m s -1 for U and the wavelength of ~10 km for k estimated from Fig. 7 , the nondimensional number becomes approximately 3.6, thus showing that the short waves are in the range of unsteady lee waves. It should be noted, therefore, that the maximum speed of the bottom-slope currents is 1.6 times larger than that of the basic flow (the maximum barotropic flow of the M 2 constituent is 0.5 m s -1 over the sill top and the background flow given here is absent below the sill crest).
On the other hand, using the phase speeds of the 1st-and 2nd-mode internal gravity waves near the sill crest (estimated here to be 1.55 and 0.80 m s -1 , respectively from the model parameter and the squared buoyancy frequency), values of the internal Froude numbers F n for the first and second mode internal tides over the sill are 0.39 and 0.75, respectively. In obtaining these values the vertically averaged velocity of the background flow is added to that of the barotropic M 2 flow. The critical slope parameter is defined as the ratio of the slope inclination of bottom topography to that (γ) of the ray path of internal tides; where σ f is a tidal frequency. This value is at most 0.5. Thus, the condition of the critical Froude number (Hibiya, 1986) and/or the critical slope (e.g., Wunsch, 1969 ) is pable of intense vertical mixing in the Indonesian Seas, we need to ask why such a strong bottom-intensified current is produced. This will be discussed in the next section. After the tidal flow has reversed, the short waves over the bump crests reflect at the surface (for example, at x = -15 km) and gradually propagate away from the sill. Associated with the wave reflection at the surface over the sill crest, velocity shear around the thermocline over the sill becomes quite strong, and this may contribute to intense vertical mixing between the salinity maximum and the minimum core layers of the ITF. In addition, the waves propagating away from the sill start to form modal-wave structures. Most of the energy is used to form the first-mode waves (and partially the secondmode waves). Eventually, the waves evolve to undular bore-like wave trains (Lee and Beardsley, 1974; Smyth and Holloway, 1988; Thorpe, 1992 Thorpe, , 1996 of vertical velocity more than 6 cm s -1 (Fig. 6(a) ), which may work as an additional factor in the vertical mixing process. Investigation of the numerically generated internal waves described above also indicates that the pulse-like internal waves seen in Fig. 6 are undular bore-like wave trains not satisfied (though F 2 is nearly unity, wave amplification of second mode-like internal tides is not significant in this experiment as shown above).
Thus, in order to understand the generation mechanism of the large-amplitude, short-wavelength waves ca-evolved from large-amplitude unsteady lee waves generated at the sill. According to Nakamura and Awaji (2001) , unsteady lee waves are generated around the time of maximum tidal flow from a leading wave front that propagates with maximum phase speed and slight dispersion in the upstream direction at the generation time and exports most of the wave energy generated in the half period away from the sill region. This means that in Fig. 6 the other internal waves with smaller amplitudes are internal tides. In addition, the propagation of the internal tides from the sill seems curious at a glance, because the propagation signal intermittently disappears (e.g., location A in Fig. 6(a) ) and hence internal tides with upward velocity appears to have a slower propagation speed than the first-mode internal tides (C p (1) ~ 2.1 m s -1 ). In fact, this is because the faster first-mode internal tides overtake the slower second-mode undular bore-like internal waves as a result of the strong downward motion generated previously at the sill (e.g., location B).
The K 1 case
The x-t diagram of the internal mode vertical velocity in the K 1 case (Fig. 8) is different from that of the M 2 case, since here the signature of internal tides propagating away from the sill can be seen, but not in form of intense pulse-like internal waves. This implies that unsteady lee waves are not generated in the K 1 case, despite the fact that diurnal tidal flow is, in general, more favorable to the generation of unsteady lee waves than semidiurnal tides, (i.e., σ f is smaller). This is because the amplitude of the barotropic K 1 tidal flow is much smaller than that of the M 2 flow so that the nondimensional number, kU/σ f , is less than unity, indicating a regime of internal tides. Consequently, vertical mixing induced by waves generated by the K 1 tidal flow is probably not strong enough to cause significant attenuation of the core layers in the ITF thermocline.
The Generation Mechanism of Bottom-Intensified Currents
In this section our attention is directed to the generation mechanism of bottom-intensified currents which are strong enough to excite unsteady lee waves at the inside slope of bumps in the M 2 case. Kuroda and Mitsudera (1995) observed bottom-intensified currents in the shelfbreak region of the East China Sea, in which first mode waves were trapped and amplified, eventually leading to a hydraulic-like jump in the isopycnal surfaces when F 1 = 0.71. They interpreted the wave trapping on the basis of a steady hydraulic control theory, and concluded that the effect of the decrease in wave speed is due to advection at large amplitudes. Therefore, taking into consideration their result and the observational finding of strong vertical mixing in multiple sill regions in the Indonesian Seas (e.g., Hautala et al., 1996) , the following four numerical experiments were added in order to understand the generation mechanism of the bottomintensified currents in the Dekawang sill. These experiments were performed under the same condition as in the previous M 2 case but in the absence of a background flow. They are: 1) case MA, a larger bump alone (thus no concave region); 2) case MB, the same as in case MA except for an M 2 flow amplitude of 0.9 m s -1 ; 3) case MC, an interval of 150 km between the crests; and 4) case MD, an interval of 200 km between the crests (see Table 1 in details). The original M 2 case is hereafter referred to as case M. It is noteworthy that the bottom slope current is not directly subject to the background flow and that the first mode internal tides generated in the sill region have a wavelength of ~100 km so that the interval separating the two crests in case MC (MD) corresponds to about 1.0 (1.5) times of the wavelength. Figure 9 shows the x-t diagrams of the internal mode vertical velocity for all cases: M, and MA-MD. In general, the internal waves generated in case MA are similar to those of the original case (case M), but the propagation of strong pulse-like internal wave trains that evolved from unsteady lee waves in the sill region is not appreciable. This means that the characteristics of the generated internal waves are close to those of internal tides. In fact, the speed of the bottom slope currents estimated from the simulation is at most ~0.5 m s -1 and hence the value of the nondimensional number, kU/σ f , is 0.22 (<1), indicating a regime of internal tides (Fig. 9(a) . In contrast, for case MB, where the tidal flow speed is increased to ~1.8 times that of case MA, Figs. 9(b) and 10(b) show the gen- eration of both pulse-like internal wave trains and largeamplitude unsteady lee waves. This is easily understood, even from a rough estimation of the nondimensional number using the amplitude of the tidal flow, which gives kU/σ f ~ 4.0. Accordingly, bottom-intensified currents strong enough to excite the unsteady lee waves in this study could not be generated by the process proposed by Kuroda and Mitsudera (1995) . In case MC with two crests, the intensity of the generated internal waves (Fig. 9(c) ) is considerably weaker than that in case M, while in case MD large-amplitude unsteady lee waves are generated at a later time relative to case M (Figs. 9(d) and 10(d) ). The time delay coincides approximately to the propagation time of internal tides from one crest to the other. Close examination of the time series of the velocity fields reveals that the barotropic tidal flow and the baroclinic flow accompanying the internal tides are in phase with each other on the inside slope of crests (Fig. 10) . The phase relationship between the barotropic tidal flow and the internal tideinduced baroclinic flow depends on the distance between two crests and the phase speed of the internal tides. In fact, in case MC, this relationship is antiphase, suggesting that the bottom slope current is not strong enough to excite unsteady lee waves. Such a weak influence from internal tides on the generation of unsteady lee waves is also anticipated when the intrinsic wavelength of internal tides generated at bumps is not coincident with the normal-mode wavelength of the concave region surrounded by two crests, so that the internal tides are of low amplitude.
These results may allow us to conclude that strong bottom-intensified currents are produced mainly by the joint effects of barotropic M 2 tidal flow and internal tides generated in the concave region formed between the peaks in the Dekawang sill. These currents have the ability to excite unsteady lee waves on the inside slope of each bump. The waves which generate continuously tend to become trapped at the generation region, where they grow into large-amplitude waves. The process is summarized in Fig. 11 .
Tidal Mixing at the Dewakang Sill by the M 2 Tidal
Flow As expected from the comparison between both tidal cases, tidal mixing induced by the M 2 flow has the capability of inducing the intense vertical mixing that has been observed at the Dewakang sill. We investigate the mixing process hearafter in this section. Figure 12 shows the sequential evolution of salinity distributions for up to five tidal periods of integration for the M 2 case. This figure demonstrates that salinity distributions in the thermocline layer over the sill are subject to large amplitude elevations and depressions due to unsteady lee waves propagating from both bumps (Figs.  12(c) and 10(b) ). Consequently, after two tidal periods, the salinity maximum (~150 m) and the minimum (~400 m) core layers seem to thin out, particularly around the ray paths of the unsteady lee waves. This mixing process is repeated throughout the whole sill region, so that their original form as identified further upstream takes on a broken appearance, consistent with the observations. Further, the weakening of the core-layer structure is extended to a wider region due to relatively large vertical displacements accompanied by undular bore-like wave trains propagating from the sill. In this model case, the maximum mean flow is set to be 0.43 m/s at 75 m depth. The maximum mean flow allows water to advect only about 90 km at this depth during the whole five periods. Large mixing appears after two periods of calculation, so that it is unexplainable only in terms of the simple advection of mixed water by the mean flow.
We next estimate the intensity of the resulting vertical mixing in terms of diffusivity. To relate the above result to the parameterizations used in OGCMs, we first estimate the vertical diffusivity κ z E from an Eulerian point of view using the following Fickian formulation,
where d s /dz is the vertical gradient of the background (initial) salinity profile and w s ′ ′ represents flux induced perturbations in salinity, averaged over four tidal periods (12~60 hours). The estimated diffusivity shown in Fig.  13 is very large around the sill (~10 -2 m 2 s -1 ), the maximum being 2 × 10 -1 m 2 s -1 near the sill bottom (the maximum in the thermocline layer is 6 × 10 -2 m 2 s -1 along the ray paths of short waves). Relatively strong mixing is widely distributed, reflecting the propagation of undular bore-like internal waves. However, vertical diffusivity estimated by the Fickian formulation depends fairly strongly on the vertical gradients chosen for the background salinity and tends to be overestimated at low values of the vertical salinity gradient. For this reason, the extremely large values around the salinity maximum (140 m) and minimum (440 m) layers are artifacts of the analysis because the initial salinity gradiant is nearly zero.
Therefore, we next estimate the intensity of vertical mixing from a Lagrangian point of view. For this, we have tracked numerous labeled particles in the calculated velocity field in the third period and estimated the vertical diffusivity
where Φ is the variance of the particle spread, Φ 0 and Φ T are the initial (after two periods) and the final (after three periods) variance, respectively, and T is the tidal period (Awaji, 1982) . This parameter represents the apparent diffusivity due to the distortion of the water particle (mass) distributions, though its value depends to some extent on the initial phase of velocity fields and the grid size used in the calculation. The estimated apparent diffusivity is shown in Fig. 14. In the thermocline layer above the sill, vertical mixing of the order of 10 -3 m 2 s -1 induced by the M 2 current is intense, particularly in the area where unsteady lee waves propagating from crests meet with waves reflected from the sea surface, which attains to the maximum value of 6 × 10 -3 m 2 s -1 . Though the magnitude is smaller than that of the Fickian diffusivity, it is still much larger than that in the open oceans (about 10 3 times larger) and is in consistent with previous estimates from observations (Van Aken et al., 1988; Ffield and Gordon, 1992) .
The Lagrangian analysis of vertical mixing is also useful for gaining more information on the physical process causing the attenuation of the salinity maximum and the minimum core layers in the thermocline above the sill, especially because values of the Richardson number calculated from the model results imply that an unstable condition little occurs within the whole model domain except for the bottom boundary layer. This is probably due to the fact that, in the present background situation, where a distinct salinity minimum core lies in the subsurface layers, entrainment of such subsurface water into surface saline water acts to stabilize water columns against the motion resulting from unstable potential temperature gradients. Therefore, we consider the attenuation of the salinity maximum and the minimum core layers in the thermocline is caused by a mingling of their water parcels.
What is the movement of water parcels leading to the attenuation of the salinity core layers in the thermocline? Figure 15 shows the distribution of vertical displacements of water parcels during one tidal period (from 2.0 to 3.0 periods), plotted at their original locations. The trajectories of representative water parcels are superposed on the same map. In general, as reflected in the κ z L values, the vertical displacements in the sill region are very large. It is noteworthy that the maximum displacement is beyond 60 m in the upper thermocline, where large-amplitude unsteady lee waves are trapped and amplified and also meet with the reflected waves at the sea surface.
In order to understand the reason why such a large residual displacement occurs, we direct our attention to the spatial changes in phase and amplitude of the velocity field in the M 2 case, since Awaji et al. (1980) indicate that when the spatial changes are significant, the resulting displacements of water parcels during one tidal period become large due to the Stokes drift. Figure 16 shows co-amplitude (tone) and co-phase (contour) lines for internal mode horizontal and vertical velocity components around the left-hand crest. Obviously, the spatial change in amplitude of both velocity components is rapid, with a large vertical speed of ~0.01 m s -1 at mid depth over the crest, while horizontal speed of ~0.5 m s -1 are found near both the sea surface and the bottom. These features mainly reflect the trapping and amplification of unsteady lee waves propagating from the crest. The spatial changes in phase lag of both velocity components are also large and, interestingly, the co-phase line of horizontal velocity rotates amphidromically over the sill crest. This effect is produced by interactions between incident and reflected internal waves, as mentioned earlier. The velocity structures over the bump are readily expected to make the residual displacements of water parcels moving there very large and complicated, and may eventually lead to diffusive-like water mass distortion, as seen in a small up-and down pattern of particle displacement in Fig. 15 .
When such intense vertical "mixing" takes place repeatedly, relatively vertically uniform water could be produced from the surface down to the sill. Therefore, it is suggested that vertical mixing caused by the large-amplitude unsteady lee waves generated by the interaction of the M 2 current with bottom topography crests is one important mechanism contributing to the observed transformation of the ITF water.
Summary and Discussion
In order to investigate the role of vertical mixing due to tidally-induced internal waves on the transformation of water passing through the narrow throughflow, numerical simulations have been performed using the two-dimensional nonhydrostatic numerical model. Topographically, the simulation represents the region around the Dewakang sill located at the southern end of the Makassar Strait, which is a major pathway of the Indonesian throughflow. Large-amplitude short internal waves were generated in the simulation at two crests of the Dewakang sill by the predominant M 2 tidal flow, despite the fact that the conditions represented by the critical Froude number and/or the critical slope are not satisfied. The internal waves induce such vigorous vertical mixing in the sill region that the salinity maximum and the minimum core layers characterizing the ITF thermocline water are considerably attenuated, as the vertical diffusivity attains a maximum value of 6 × 10 -3 m 2 s -1 . Our examination reveals that transient bottomintensified currents, produced mainly by the joint effects of barotropic M 2 flow and internal tides generated in the concave region surrounded by the two crests can excite unsteady lee waves on the inside slope of the bumps. These tend to be trapped at the generation region and grow into large-amplitude waves, as was indicated recently by Nakamura et al. (2000) for the Kuril Straits. Such generation of unsteady lee waves does not occur at one crest alone. The trapping and amplification of the waves in the sill region induces large vertical displacements (~60 m) of water parcels during one tidal period, leading to strong vertical mixing there. In addition, relatively large vertical diffusivity (O(10 -4 m 2 s -1 )) can be observed in a wider region as unsteady lee waves propagating away from the sill gradually form modal wave structures and evolve into undular bore-like internal wave trains with strong vertical motion. Since the K 1 tidal currents are relatively weak, the large-amplitude internal waves required for intense vertical mixing are not generated. Note that the estimation of the vertical diffusivity for the K 1 case is two orders smaller than the M 2 case.
In order to better understand the transformation in properties of the ITF water, many physical processes missing from our simple model need to be considered. We have performed separate numerical simulations for each barotropic tidal constituent. In reality, the coupling be-tween tidal constituents produces significant tidal modulations such as fortnightly and monthly tides. Swift tidal currents of up to 1.0 m s -1 associated with these modulations were detected, for example, by mooring buoys at 3°S in the Arlindo observation (e.g., Susanto et al., 2000) . In addition, previous studies suggested that large-amplitude, tidally-induced internal waves capable of causing intense vertical mixing are generated due to variable bottom topography as found near steep continental shelves and multiple-sill areas like the Dewakang sill, which lies on the route taken by the ITF from the Pacific to the Indian Ocean. The actual transformation of the ITF water is thought to take place due to a combination of vertical mixing in these regions together with the mixing due to propagating internal waves from the sills over wider regions, as indicated by this study. Such waves have been observed in the Sulu Sea (Apel et al., 1985) and the deep central Banda Sea (Ffield and Gordon, 1996) . Clarification of these problems is necessary to better estimate the state of the ITF. However, such work is beyond the scope of this paper and is left for future studies since our purpose is to identify and characterize one possible mechanism of intense vertical mixing responsible for the transformation of the ITF water in a simpler way. Also, since the barotropic tidal flow is prescribed in our model, its energy is kept constant. This might lead to an overestimate of internal wave generation. Close examination shows that bottom-intensified currents, which generate large-amplitude short waves, are mainly associated with internal tides of wavelengths comparable to the sill-width generated previously (a percentage of the contribution to the velocity is 60~70%), and hence the possible overestimate does not seem serious.
Further modifications are required to our numerical model to approach full three-dimensionality. Since a vertically two-dimensional model is used, internal waves are not properly reproduced, primarily due to a decrease in wave energy density as the waves propagate away in the along-sill direction, thereby leading to a reduction in the maximum elevation amplitude. In reality, the along-sill propagation of waves has a much more complex impact on wave generation and growth. Thus, quantitative estimation of the actual role of vertical mixing on the transformation of the ITF water properties is beyond the power of a two-dimensional model and should be investigated using a three-dimensional model. Further, the background state in and around the Dewakang sill is actually determined by wind driven and thermohaline circulations, which may affect the excitation and evolution of waves, due to the presence of currents around islands and the condition of the critical level. These problems are also beyond the power of available computer resouces and hence beyond the scope of the present paper. The relative importance of mixing effects of wind stirring, intraseasonal Kelvin waves and several other processes postulated in earlier work need to be examined. Nevertheless, the qualitative similarities between the observational results and our simulations point to the importance of strong tide-induced mixing in modifying the water passing through the ITF.
